To describe the complex kinetics of formation and destruction mechanism of nitrogen dioxide (NO 2 ), there is an increasing demand for real-time and in situ analysis of NO 2 in the discharge region. Pulsed cavity ring-down spectroscopy (CRDS) provides an excellent diagnostic approach. In the present paper, CRDS has been applied in situ for time evolution measurement of NO 2 concentration which is rarely investigated in gas discharges. In pulsed direct current discharge of NO 2 /Ar mixture at a pressure of 500 Pa, a peak voltage of −1300 V and a frequency of 30 Hz, for higher initial NO 2 concentration (3.05×10 14 cm −3 , 8.88×10 13 cm −3 ), the NO 2 concentration sharply decreases at the beginning of the discharge afterglow and then becomes almost constant, and the pace of decline increases with pulse duration; however, for lower initial NO 2 concentration of 1.69×10 13 cm −3 , the NO 2 concentration also decreases at the beginning of the discharge afterglow for 200 ns and 1 μs pulse durations, while it slightly increases and then declines for 2 μs pulse duration. Thus, the removal of low-level NO 2 could not be promoted by a higher mean energy input.
Introduction
Nitrogen oxides (NO, NO 2 ) are environmentally harmful oxynitrides [1] . Inhaling NO x has immediate harmful effects on human health. Tropospheric NO x mixing ratios may vary by up to four orders of magnitude from the marine environmental background value of less than 10 parts per trillion per volume (pptv) to more than 1 part per million per volume (ppmv) in urban areas [2] .
The generation and removal processes of NO 2 as well as the related chemical reactions in gas discharge plasmas are of interest because these will help in determining the environmental safety of plasma technologies and applications of plasma for environmental issues. However, destruction and conversion reactions of nitrogen oxides occur simultaneously.
Thus measurement and monitoring of NO 2 in discharging processes are both significant and imperative, helping us to understand the formation and destruction of nitrogen oxides in gas discharge approaches. The understanding of complex interplay kinetics involved in these species is not only important in discharges, but also in the post-discharge regime [3] [4] [5] [6] . Using afterglows allows us to study more accurately the kinetics of neutral species because of less important electronic processes in such cases [5] .
Extensive experimental studies and theoretical investigations have been devoted to NO x chemistry [7] [8] [9] [10] [11] [12] [13] [14] . However, very few experimental investigations of NO 2 via in situ measurements have been reported, and ex situ measurement of NO 2 can induce system errors as pointed out by Ionikh et al [7] . Compared with time-independent measurements, time-resolved concentration measurements provide far more experimental information. To understand basic chemical processes in plasmas and to perform kinetic modelling studies of NO 2 destruction and conversion, it is imperative to measure NO 2 concentration as a function of time after discharge initiation. For this goal, measurement based on high-sensitivity time-resolved cavity ring-down spectroscopy (CRDS) [15, 16] provides a solution, since CRDS has the advantages of absolute calibration, high sensitivity and compact sample volume.
In this paper, CRDS was performed for in situ sampling and time evolution measurements on the order of μs by the 'time window' approach [15] . We utilized ns-pulsed laser CRDS to carry out time-resolved measurements of NO 2 concentration during its removal processes in dry NO 2 /Ar mixture gas discharge. Pulsed DC discharges with pulse widths from 200 ns to 2 μs were performed, and we achieved NO 2 concentration detection with a μs time resolution during the discharge afterglow. NO 2 removal experiments were conducted under different initial NO 2 concentrations. The results show that longer removal processing does not always enhance the removal effect, especially for lower initial NO 2 concentrations.
Experimental setup

Pulsed cavity ring-down spectral experiment
A schematic view of the experimental setup is shown in figure 1 . The detail of the pulsed cavity ring-down spectral experiment arrangement can be found in a previous article [17] ; this article only gives a broad outline. The incident beam from a pulsed tunable dye laser (Cobra-Stretch Dye Laser, line width 0.08 cm −1 , Newport Corporation) is reflected by a prism, aligned by apertures with a diameter of 2 mm, and oscillated between two high reflectivity mirrors (reflectivity R>99.999% at 505-510 nm, Los Gatos Research) shielded by Ar gas and mounted on the two ends of the discharge chamber (cavity length L=330 mm). Then the laser passes through a narrowband filter (505-510 nm), and is ultimately all collected by the detection module which comprises a photomultiplier (R5070A, Hamamatsu) and a digital oscilloscope (WavePro 715Zi, 1.5 GHz bandwidth, LeCroy). The fast photomultiplier tube (PMT) provides almost 10 5 times amplification under a supply voltage of approximately 850 V. With a fast time response of 2.2 ns anode pulse rise time, the PMT is rapid enough to be used for an ns-pulse dye laser and μs scale CRDS detection. The signals from the detector are sampled using a fast digital oscilloscope, and the data obtained by the oscilloscope are transmitted, recorded and processed by a home-designed LabVIEW computer program in a personal computer, which also controls the tunable laser. The 'time window' is set at 1 μs, which contains 500 data points for calculating ring-down time.
Discharge system
Two stainless steel electrodes are installed in the vacuum chamber with a discharge gap of 10 mm, and assembled such that the laser could pass through the centre of the gap, as shown in figure 1 . The laser goes through parallel to the electrodes, permitting the maximum detection reaction area between the upper cathode and the lower anode. The grounded anode is a plate of size 20×60 mm 2 and mounted on the bottom of the chamber by a height-adjustable base support. The cathode, a 50 mm-long cylinder with a diameter of 6 mm, is fixed to a flange, which is electronically isolated from the wall of the chamber. The plasma region, which is approximately 50 mm long, is determined by the length of both electrodes. The discharge is driven by a pulsed DC power source. The source consists of a high voltage DC source and a solid-state switch which generates −1.5 kV high-voltage pulses of approximately 50 ns rise and fall times, 200-2000 ns durations and 30 Hz pulse repetition frequencies. In addition, the source allows continuous adjustment for power and discharge pulse width. The pulse waveform characteristics are measured using the digital oscilloscope with a 1000x high voltage probe (P6015A, Tecktronix) and an AC/DC current probe (AP015, LeCroy). Plots of typical voltage, current and power waveforms are shown in figure 2. The vacuum pump system, consisting of a mechanical pump and a roots pump, provides a vacuum limitation of 10 −1 Pa. Mass flow controllers are employed for controlling the gas inflow, including the reactive gas of dilute NO 2 , and shielding Ar gas. All the experiments are performed in a flow-through configuration with a pressure of 500 Pa. The pump system operates continually to keep the discharge pressure constant.
In order to achieve long-term time-resolved measurements, an eight-channel digital delay generator (DG645, Stanford Research) is used to control the dye laser system, power supply and digital oscilloscope. It provides standard transistor-transistor logic (TTL) signals, and is applied to trigger these three systems on rising edges. Figure 3 shows the time sequence diagram. The digital oscilloscope is synchronized with the laser pulse. By changing the delay time of the laser pulse and the power supply, the cavity ring-down signals at different times can be recorded. Used in combination with the 'time window' approach [15] , time evolution measurements of NO 2 concentrations can be realized better. Experimental layout with detailed pulsed laser cavity ringdown spectral experiment arrangement and low-pressure pulsed discharge system arrangement.
Results and discussions
Ring-down curves with and without pulsed discharge
The ring-down curves with and without pulsed discharge are presented in figure 4 . The extreme spikes of discharge curves are due to electromagnetic noise generated by the high-voltage pulser [15, 16] . For the curve with discharge (−1300 V, 200 ns) in figure 4(a) , the discharge pulse is delayed about 1 μs after the beginning of ring-down decay. We can observe that the curves nearly coincide before discharge, then they separate from each other as the ring-down time changes from (6.28±0.01) μs to (6.44±0.10) μs in the initial NO 2 concentration of 1.69×10 13 cm −3 . For the curve with discharge (−1300 V, 2 μs) in figure 4(b) , the delay time between the trailing edge of the high-voltage pulse and laser is about 1 μs, and the ring-down time changes from (2.64±0.01) μs to (3.87±0.05) μs in the initial NO 2 concentration of 3.05×10 14 cm −3 . By using a digital delay generator and 'time window' approach, we are able to study the timeresolved influence of pulsed discharge on the ring-down curve and the concentration of NO 2 (at the μs level due to the μs ring-down time).
Time evolution of NO 2 concentrations under different initial conditions
In this section, we utilize CRDS to study the time evolution of NO 2 under different initial NO 2 concentrations and discharge durations. The dilute NO 2 gas (0.01%, equilibrium gas: Ar) flows into the vacuum chamber which is filled with shielding Ar. The flow rate of shielding Ar (0.2 slm) and dilute NO 2 gas (tenths of a slm) are adjusted by mass flow controllers. Hence, the initial NO 2 concentration is adjustable. All discharges are generated by −1300 V DC pulse with durations of 200 ns, 1 μs and 2 μs at pressure of 500 Pa.
As shown in figure 4(a) , the spike in the trace with discharge coincides with the firing of the pulse. Thus the ring-down signal cannot be used to obtain NO 2 concentration in the first two microseconds of discharge afterglow. , voltage: −1300 V, pulse duration: 2 μs, delay time between pulsed power and laser: 1 μs.
The variations of NO 2 concentration during pulsed DC discharge afterglow (from 3 μs to 44 μs) in dry NO 2 /Ar mixture gas discharge are shown in figure 5 , and the corresponding average NO 2 concentrations from 25 μs to 44 μs are listed in table 1 with initial NO 2 concentrations of n 1 =3.05×10 14 cm −3 , n 2 =8.88×10 13 cm −3 and n 3 =1.69×10 13 cm −3 . The removal rates of NO 2 are calculated from the initial NO 2 concentrations and average NO 2 concentrations during afterglow which are also given in table 1. For n 1 and n 2 , the NO 2 concentrations sharply decrease at the beginning of the discharge afterglow and then become almost constant, and the paces of decline increase with pulse durations. So the removal effects increase with discharge durations. However, for the lower initial NO 2 concentration of n 3 , NO 2 also decreases at the beginning of the discharge afterglow for 200 ns and 1 μs pulse durations, while it slightly increases and then declines for 2 μs pulse duration. These behaviours lead to the removal efficiency of 2 μs pulse duration being the lowest.
A simplified kinetics analytical modelling of NO x is carried out in order to explain the observed experimental results. The basic model equation controlling the plasma chemistry is
which represents a set of differential rate equations for each of the chemical species of type i in the plasma where n i stands for the concentration of the atomic and molecular neutrals, positive and negative ions, and free electrons that can change as a consequence of the gain (G) and loss (L) kinetic processes taking place. Gordillo-Vázquez [18] had developed a chemical model for air plasmas. In this paper, we use a similar method to calculate the concentration evolution of NO x at different plasma conditions. The reactions and rate coefficients associated with the electron-driven chemistry and heavy particle chemistry in the model are considered based on [8, 18, 19] , while the rate coefficients for energy distribution function (EDF)-dependent processes are calculated by BOLSIG+ [20] . The related kinetic equations are numerically solved with the following assumptions: (1) the reduced electric field E/N is supposed to be constant during the ON phase of the pulse and equal to 1 Td during the OFF phase of the pulse; (2) the pressure P=500 Pa and gas temperature T g =300 K are supposed to be constant during the ON and OFF phases; (3) initial number density of electrons is n e 0 =5×10 4 cm −3
; (4) CO 2 , H 2 O and Ar related heavy particles chemistry reactions have not been taken into account.
The kinetics analytical modelling of NO x shows that the time variation behaviour of NO 2 in the afterglow of dry NO 2 /Ar mixture gas discharge strongly depends on the value of NO 2 concentration at the end of the electric pulse n . depends on the discharge condition and initial concentrations of N 2 and O 2 , which come from gas leaking of the chamber. Intrinsic NO x production has also been observed by Beckers et al at low initial NO 2 concentration [21] .
We use the same experimental equipment to investigate Ar pulsed discharge to obtain the intrinsic NO 2 production Figure 5 . NO 2 concentrations variation during pulsed DC discharge afterglow in dry NO 2 /Ar mixture gas discharge under different pulse durations (200 ns, 1 μs and 2 μs) and initial NO 2 concentrations: (a) n 1 =3.05×10 14 cm −3 , (b) n 2 =8.88×10 13 cm −3 and (c) n 3 =1.69×10
13 cm −3 . The error bars are derived from 40x measurements, and each measurement is an average of 30 ring-down signals. 
